The unique abilities of photonic crystals (PCs) to manipulate light lead to potential applications ranging from simple optical switches to an optical computer.
Engineered defects enhance control over light in photonic crystals. Two novel methods fabricate defects inside polymer opal photonic crystals.
The unique abilities of photonic crystals (PCs) to manipulate light lead to potential applications ranging from simple optical switches to an optical computer. 1 Researchers are learning how to build PCs with better optical abilities by methods that include designing and fabricating deviations from the regular PC pattern. These deviations-called defects, although they are desirable-can channel light efficiently, but building defects in the structure is challenging. We have developed several methods for defining defect patterns inside of synthetic opal. Opals are naturally occurring 3D PCs: their microstructure consists of silica spheres about 150nm to 300nm in diameter, which are tightly packed into repeating hexagonal or cubic arrangements. Synthetic opals use this same pattern, although they can be made from different materials. A type of PC made using the the gaps between the spheres is called an inverse opal. Self-assembly methods allow us to make large polymer opals and inverse opals at low cost.
Several research groups are focusing on fabricating complex 3D architectures in opals. David Norris at the University of Minnesota recently used multiphoton polymerization with a laserscanning confocal microscope to tailor air defects in opals. 2 Also, George Zhao at the National University of Singapore described using an advanced photolithographic process to embed line defects in opals. 3 We are developing two additional methods: using UV light to pattern the surface as the structure is built up; 4 and using two-photon lithography to photopolymerize a resin inside an inverse opal structure, then writing embedded 3D patterns. 5 The first method is analogous to patterning photoresists for photolithography, and offers the advantage of patterning the whole opal at once. In combination with a multilayer build-up method or with two-photon lithography, this scheme could even pattern the opal in 3D. 5 To explain this method, we need to describe some of the steps and chemistry involved in making and patterning a 2D polymer opal. First, we synthesize photoprocessable beads in order to introduce defects via UV lithography. A major advantage of polymer beads is chemical flexibility. In this case, we use t-butyl methacrylate (tBMA) as the monomer because the t-butyl ester group can be cleaved under acidic conditions. Next, we convert the monomer into monodisperse spheres using surfactant-free emulsion polymerization. Then, the light-sensitive system-consisting of a photo-acid generator (PAG) and a sensitizing dye-is incorporated into the preformed colloids. At this point, the beads crystallize into polymer opals. Next, we expose part of the surface to UV light. During the optical exposure, the tBMA units change to methacrylic acid (MA) and release isobutene. Also, the PAG forms acid, which catalyzes an ester cleavage during the post-exposure bake. At the end of the process, we can selectively wash out the exposed area using an aqueous base. We gain selective control of the third dimension by combining the chemistry (see Figure 1) . We start by crystallizing a layer of photosensitive polymer beads. This layer is processed as described in the previous paragraph. Instead of completing the process and removing the exposed material, however, we crystallize a second layer of photo-stable beads on top of the first layer. At this point, the exposed areas of the photo-labile layer can be developed to create a defect within the volume of the opal (see Figure 2) . This method provides structures with a resolution of several micrometers.
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The second method we mentioned for incorporating 3D defects inside an opaline structure uses two-photon lithography. We can control all three dimensions of our structures by using a photopolymerizable resin in which a fluorescent dye is dissolved. With this method we managed incorporation of both emitters and defects in an inverted polymer opal (see Figure 3) .
We made several different structures using two-photon lithography. Because a crucial benefit of two-photon lithography is the ability to detect fabricated structures-especially when they are embedded in a matrix as in our case-we first patterned the top layer and top of the inverse opal (see Figure 4) . Subsequently, we fabricated defects at defined places inside the replica (see Figure 5 ). This allowed us to make structures with sub-micrometer resolution.
These two new methods allow us to fabricate 3D defects embedded in an opaline matrix. Both take advantage of colloidal self-assembly to form large periodic structures. In both methods, we use a multistep process to introduce defects. We are now considering ways to combine them-such as using photo-labile beads for two-photon-lithography-to simplify the process. If we could eliminate the need for multilayer crystallization, then we could potentially produce 3D defects directly inside the opal.

